rigorous quantitative marine spatial planning tools (Tallis et al., 2010) . However, the integration of an ecosystem services conceptual framework with marine spatial planning tools in the context of OECD siting is not frequently used and no systematic protocol combining those concepts, tools, and OECD aspects, has been established in the US. The Canadians have demonstrated a very rigorous siting approach at a national scale, based on ecosystem services (Williams and Campbell, 2012) In the US, however, rigorous efforts to quantify ecosystem services and integrate them in rigorous siting protocols are currently in development (White et al, 2012; .
In Rhode Island, since 2008, the Coastal Resources Management Council (CRMC) has been leading an Ocean Special Area Management Plan (Ocean SAMP) activity, in partnership with the University of Rhode Island, resulting in an extensive multidisciplinary analysis of the Rhode Island offshore environment and its suitability for siting an offshore wind farm (SAMP, 2010) . At the conclusion of the study, two areas were identified as suitable for wind farm deployment. The Renewable Energy Zone (REZ) in Rhode Island State waters, South East of Block Island (BI) and the Area of Mutual Interest (AMI) between Rhode Island and Massachusetts, in Federal waters ( Figure 1 ). As part of the SAMP project, a standard siting optimization approach was first developed based on a simple siting index defined as the ratio of cost of the extraction system to available wind resource. This approach provides a convenient macro-siting tool which can be used within a marine spatial planning context to address ecological and societal constraints (Spaulding et al., 2010) . The multiple GIS layers required in this approach and the absence of theoretical support to optimize the resulting zoning, led to an expansion of our initial optimization approach into a more comprehensive macro-siting optimization tool, directly integrating societal and ecological constraints into the siting tool: the Wind Farm Siting Index (WIFSI) . WIFSI was also developed within the ecosystem services framework and uses multivariate statistical analyses to integrate technical, ecological, and societal constraints into a macrositing tool. Macro siting is defined here as the procedure for locating those areas that are most suitable for ocean energy development. Our more recent work deals with the integration of a micro-siting optimization tool into the earlier macro-siting protocol, based on a genetic algorithm (GA), which provides an optimal wind farm layout inside an area identified as optimal at the macro-siting level. This Wind Farm Siting Optimization tool (WIFSO) is still in development and this paper presents its current status. 
OFFSHORE WIND FARM MACRO-SITING APPROACH: THE CASE OF RHODE ISLAND OFFSHORE WATERS
The macro-siting optimization performed as part of WIFSI is based on an optimization between cost of the extraction system (technical cost) and the resource, with the concept of cost expanded to include, in addition to the standard technical cost, the societal and ecological costs. The algorithm calculates and maps a non-dimensional WIFSI describing the suitability of a site for wind turbine deployment. The index is the ratio of "cost" to "resource". The resource term is proportional to the extractable power (R), at a hypothetical turbine hub height, and the cost term is a weighted sum of nondimensional costs: technical (e.g. foundation and cable cost), societal (e.g., fisheries cost) and ecological (e.g., turbine impact on whales). Note that the costs of the extraction devices (e.g. wind turbines) are not included in the technical costs since they are assumed location independent. Weights are can be adjusted according to societal values or political choices. Despite a quest for rigor and objectivity, a "choice" stage is inherent to any valuation problem and is unavoidable even with the most rigorous and quantitative spatial planning approaches, once these involve intangible costs (Oumeraci et al. 2009; Burzel et al., 2010) . The siting factors included in this macro-siting part of the analysis are presented in Table 1 . Factors included in the micro-siting tool are also indicated. The development and validation of WIFSI are described in detail in and summarized in the following. The methodology was applied to the SAMP study area, on a 200 by 200 m grid, requiring all data used to calculate the index be interpolated on that grid.
The WIFSI is a expressed as,
with TC, the non-dimensional technical cost , FC the non-dimensional fisheries and EC the ecological costs, R the wind resource term specified as the mean extractable power at the turbines site, and W i , the weights attributed to each cost "type": technical, fishery, or ecosystem services. The sum of the weights is 1. The index is non dimensional and is standardized on a 0 to 1 scale. The higher the value of the index the higher the combined cost relative to the power extracted. Each term is briefly described hereafter:
The technological constraint, TC, expresses the technical challenge associated with siting OECD at a particular site, and the delivery of the produced power from this site to the electric grid.
TC is defined as a function of two major components: (i) a structural component based on the technology type, τC; and (ii) an electrical component, ΔC, representing the transmission grid (2) The electrical component ΔC is function of the cable cost, c, and therefore of the distance from the site to the closest electrical grid node and can be represented by (3) with the cable cost, c, integrated along the cable path to shore (increment ds), covering a distance D from the turbine location (x,y). The structural cost, τC, is a function of the technology type and installation cost, For a bottom mounted structure (e.g., Monopile, Lattice Jacket), it is a function of water depth, d, and sediment type, s (Papalexandrou, 2008; Sharma et al., 2010) , (4) with, the first term τC 0 , a constant reflecting the base price for each specific technology, independent of the siting; and the second term a site dependent term, usually expressed as a polynomial function of the distance to shore and a discrete function of the sediment type.
The wind resource term R represents the extractable power defined as the usable power according to Hennessey's (1977) definition, adjusted to exclude the non-extractable power due to the Betz law limitations. Assuming that the wind is Weibull distributed, the extractable power (R) is defined as the power available from the wind speed, u, Weibull probability distribution, p(u), truncated for cut-in, (u 0 ) cut-out, (u 2 ), and rated speed limits, (u 1 ) as,
A two-parameter (shape and amplitude) Weibull distribution was found to accurately estimate the wind speed distribution in the SAMP area .
The fisheries cost is based on the fisheries activity in a given area. It is defined as a linear combination of the fishing scores (FS) for the three types of fishing activities: (i) commercial mobile gear; (ii) commercial fixed gear; and (iii) recreational (subscript i = 1, 2, 3), normalized on a scale of 0 to 1, with 1 indicating maximum impact (Smythe et al., 2010) .
The ecological cost is based on the sensitivity of the ecological communities to the wind farm impact. The methodology to estimate this ecological cost term at each grid point is detailed in . The method is based on an ecological typology of the area based on principal component and cluster analyses providing homogeneous marine landscape (oceanscape) regions associated with homogeneous ecological assemblages (Verfaillie et al., 2009) . Each ecological region is defined by a particular assemblage, or group of species, each being more or less sensitive to wind turbines deployment. Each species is defined by values of a series of coefficients reflecting its sensitivity to underwater noise, electromagnetic fields, and turbidity. Species' sensitivity is independently defined for the construction and operation phases. An ecological services index (ESI) is employed, which combines species abundance and sensitivity, and characterizes each ecological region, k.
The Ecological Cost term (EC) is a direct function of the ecological index
For each identified ecological region k, a score S i is assigned to each species i, based on its relative abundance in a particular cluster,compared to its distribution in the entire SAMP area. ESI is defined as a weighted root mean square (rms), i.e., the square root of the linear combination of each species' weighted score squared (SWS), normalized on a scale of 0 to 1, with 1 reflecting maximal impact,
with, (8) and N denoting the number of species in the regional population, and the subscripts c and o defining the construction and operation phase, respectively.
The global Ecological Cost index, combining construction and operation phases, is finally calculated for each ecological region k as, The WIFSI tool allows the user to independently select any of the three constraints/costs or to combine them according to any weight combination. As an example, in Figure 2 , we show the index in the SAMP area resulting from selecting an equal weight scheme for the three constraints. Dark (least gray) shaded areas have the highest (lowest) cost relative to power produced In this case areas with the highest index values are strongly correlated with intense fisheries activity.
The next part of the analysis focuses on the integration of the micro-and macro-siting constraints into an integrated micro-siting optimization tool, whose purpose is to optimize the wind farm layout design. The methodology is currently still development and is presently applied (in its initial stage of development) to the layout design of a wind demonstration site in the RI REZ area (Fig. 1) , offshore of BI. The REZ area is the optimal area identified based on the lowest WIFSI values within state waters around BI (i.e., East and South East of BI) (Figure 2 ).
OFFSHORE WIND FARM MICRO-SITING APPROACH: THE CASE OF BLOCK ISLAND
Deep Water Wind Inc. (DWW) plans to install and commission six 6 MW direct drive Siemens lattice jacket turbines in the REZ area, by 2014 (turbine characteristics: 110 m hub height; 154 m blade diameter). DWW and URI have been working cooperatively with the Department of Energy (DOE) National Renewable Energy Laboratory (NREL) and additional partners to develop a Southern New England Offshore Wind Demonstration Site (SNOWIDS), in the REZ area,'.
The micro-siting part of the analysis focuses on the inclusion of turbine wake effects into the resource term of the WIFSI, transforming the earlier macro-siting tool into a new integrated macro-and micrositing tool, the Wind Farm Siting Optimization tool (WIFSO). The wake from upwind turbines reduces
the wind resources available to downwind turbines and thus affects the optimal location of individual turbines within a farm. In the present approach wake processes are modeled using the DTU (former RISOE) WAsP model. However, despite its simplicity this model was shown to perform as well as more sophisticated models, in particular, in terms of predicting wake shape and hub height velocity deficit (Barthelmie, 2006) . The proposed micro-siting optimization is achieved by implementing a genetic algorithm (GA). The application of the GA is in development and preliminary results applied to the siting of SNOWIDS are presented hereafter. Although the WIFSI analysis has identified REZ as an optimal siting area for a wind farm in BI state waters, the WFSI values are variable within this area (Fig. 2) . Ideally, the wind turbines should be sited to avoid areas within REZ that have the highest WIFSI values, while minimizing the cable distance and avoiding areas in the wake of other turbines. In order to include the wake "effects" into the siting optimization an objective function (OF), is included as a "modified" WIFSI.. The OF differs from the WIFSI in its resource term R, which includes in addition to the mean wind speed , the mean speed deficit due to the wake "effect", U w . The objective function is expressed as,
And the modified resource term as
Results are presented for one test case, for which only two wind directions were used: South-West (dominant South-West summer see breezes) and North-West (second dominant wind direction, strong North-West winds), with mean wind speed values set at 10 and 12 m/s respectively. The GA optimization is run to optimize the layout of the 6 turbines on a 4D grid spacing (with D, the turbine's blade diameter). The maximal footprint is defined by the state water limit on the East side and by the developers bore holes limit on the North and South sides; visual impact from BI limit any development on the West side . Potential sites are defined by dots. The analysis results in optimal sites showed as blue dots in Fig. 4 . The WIFSO results in siting the turbines in areas described by the largest WIFSI values, but with the constraint to be aligned along a West-East axis, preventing the turbines to be in the lee of the other turbines when the dominant SW and NW winds are blowing (Fig. 4) . The optimal layout is superimposed with the WIFSI index values.
CONCLUSION
The macro-siting tool, WIFSI, was demonstrated to be valuable as well as robust in the SAMP area. The current DWW proposed site for wind farm development correspond to optimal sites in terms of the WIFSI value. WIFSI constitutes a rigorous tool to help in siting offshore wind farms. It integrates technical, societal, and ecological constraints, while leaving room for stakeholders to introduce their input. The model provides adjustable weights at the ecosystem services level. For instance the weight associated to the fisheries cost term could be increased. It should be emphasized that ecological services are treated as intangible services, and cannot therefore be expressed in monetary terms. These are expressed instead as non-dimensional values, resulting in all costs and services being nondimensional.
The WIFSO is shown to be an efficient reliable micro-siting tool. More sophisticated wake models are planned to be included in the near future and used in combination with the GA. Additional WIFSO simulations will be performed in future work that will add more constraints on the farm footprint and use the full wind rose as wind input. Concentrating on analyzing the REZ area SE of BI, the objective will be able to provide a sensitivity analysis of the expected power output based on potentially "optimal" layouts. Note that the cable distance inside the farm and the resource term in the WIFSO are also being refined. 
